Simultaneous Measurements of Ultrasonic Phase Velocity and Attenuation in Solids by Batra, N. K. & Delsanto, P. P.
SIMULTANEOUS MEASUREIVIENTS OF ULTRASONIC 
PHASE VELOCITY AND ATTENUATION IN SOLIDS 
N. K. Batra and P. P. Delsanto 
Department of the Navy 
Naval Research Laboratory, Washington, D.C. 20375-5000 
ABSTRACT 
Several techniques have been proposed for the ultrasonic characterization of metals, ceram-
ics and composite materials. For highly attenuative materials, e.g., fiber-reinforced composites, 
either the sound phase velocity, or the attenuation can usually be determined. In this paper, we 
extend the correlation method for simultaneous measurement of phase velocity and attenuation 
in liquids, first proposed by Sedlacek and Asenbaum l , to the case of highly attenuative solids. By 
using specially designed specimens in the shape of wedges, the path of propagation can be con-
tinuously varied. Cross-correlations of pressure amplitude and phase between different points in 
the field of continuous ultrasonic plane waves allow measurement of attenuation and phase velo-
city. Experiments performed on several specimens of various polymers confirm the efficiency 
and reliability of the technique. Corrections due to refraction and other effects are also discussed 
and evaluated. 
INTRODUCTION 
Ultrasonic pulse echo systems have been widely used in recent years to measure the 
attenuation and ultrasonic group velocity with applications for tissue characterization in medicine 
and material characterization in NDE. Pulse-echo techniques require plane parallel specimens of 
low attenuation so that multiple echoes can be set up in the specimen. They do not measure 
absolute attenuation because of errors due to reflection, transmission and surface scattering. Due 
to a lack of spectral purity, they do not provide us with phase velocity, which is a more relevant 
quantity for the determination of elastic constants, stresses, texture and material phases in the 
material. Ultrasonic attenuation due to impedance mismatch, surface roughness and diffraction is 
generally irrelevant as far as the material characterization is concerned. The more relevant quan-
tities are the attenuation due to absorption, aabs and to scattering, ase' Thus, accurate and abso-
lute values of the attenuation a/Dt = aabs + ase and phase velocity can characterize the material 
almost completely. Simultaneous measurements of these quantities are therefore particularly 
important for material characterization. 
Simultaneous measurements of phase velocity and attenuation can be carried out by con-
tinuous wave (CW) ultrasonic spectroscopy.2 Standing waves are set up in the parallel plate 
specimen acting as a resonant cavity. The "Q" of the resonances gives attenuation, whereas fre-
quency spacing between two consecutive resonances gives the phase velocity. This technique, 
however, is not applicable to heterogeneous materials or to materials with high acoustic attenua-
tion. In fact, in these cases, multiple resonances are either missing or broad and overlapping 
making the measurements meaningless, particularly whenaccurate measurements of acoustic 
parameters are required to study variations in material properties. 
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Recently, Sedlacek and Asenbauml measured attenuation and phase velocity in Iiquids by 
continuously varying the path of propagation of ultrasonic waves and cross correlating the 
transmitted and received signals. It is the purpose of the present paper to propose a variation of 
their technique, which can be applied to the case of highly attenuative solids. By using. specially 
designed specimens in the shape of wedges, the path of propagation can be continuously varied. 
Cross-correlations between the incident CW and the propagated wave through continuously vary-
ing thickness allow absolute measurements of attenuation and phase velocity. 
The theory and experimental set-up used for the development of this technique are 
explained in the next two sections. In the following sections, we iIIustrate some of the results 
obtained with our technique for an epoxy specimen. 
THEORY 
In order to characterize a material, we fabricate a specimen of it in the shape of a wedge and 
mount it on a rotating turntable in an ultrasonic immersion tank, as shown in Fig. 1. Continuous 
longitudinal waves are propagated through the sample. We assume that the wedge angle 8 is 
small and neglect, for the time being, aII refraction and multiple reflection effects. The ultrasonic 
signals, Sr sent by the transmitter T, and SR received by the tranducer R, are given by 
Sr = Fr Ao cos (Cllt + 4>0> 
SR - T12 • T21 . FRAO exp [-al (t-y) -a2Yl 
x cos [CII (t-k:L -L) + 4>0] 
VI V2 
where Fr and FR are the response factors of the transmitter, receiver and associated electronics; 
TI2 and T21 are the transmission factors between medium 1 (water) and medium 2 (materia)) and 
viceversa; al, a 2, VI, and V2 are the attenuation coefficients and phase velocities in the two 
media; Ao is the initial amplitude of the CW; I is the (fixed) distance between the transducers 
and y js the length of the propagation path of the CW in the material. By moving the wedge (or 
the transducers) parallel to the x-axis, y can be varied. By choosing the origin of the x-axis at 
the vertex of the wedge, we have 
y=xtan8 
where (J is the angle of the wedge. 
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Fig. 1 Arrangement of specimen and transducers 
(refraction effects ignored). 
(3) 
Through an electronic mixer (phase detector) the two signals ST and SR are correlated. The 
corresponding non-normalized cross-correlation factor is given by 
1/1 = L: ST (t) SR (t) dt (4) 
= FTFRTI2T2IA~ exp [-al(l-y) -alYI·" 
where 
,,= J T cos (Cllt + !/Jo) cos [CII (t - I-y - .L) + !/JoI dt 
-T VI V2 
= 1/2 J T cos [CII [/-y + .L) I dt 
-T VI V2 
+ 1/2 J T cos [2C11t + 2!/Jo - CII[ I-y + .L) I dt 
-T ~ ~ 
The cross-correlation time interval 2 T can be chosen arbitrarily large. If we choose 
2T » 27T/CII 
The second integral in Eq. (5) vanishes and we obtain 
It then follows 
where 
b - CII (S2 - SI) 
!/J = CIIISI 
Si is the slowness given by 
(i = 1,2) 
".. T cos [CII (.!.:2. + .L) I 
VI V2 
1/1- C exp (-ay) cos (by + !/J) 
(6) 
(7) 
(8) 
(9) 
(10) 
A typical experimentally obtained plot of the cross-correlation factor 1/1, showing the 
sinusoidal oscillations and exponentially decreasing amplitudes, as predicted by Eq. (8), is shown 
in Fig. 2. In order to analyze it, we can consider three maxima (or minima) of the cross-
correlation factor 1/11,1/12, and 1/In corresponding to the propagation paths YhY2, and Yn respec-
tively (Fig. 3). At these points we have 
bYi +!/J - ±27Tm (i = 1,2,n) (11) 
wh.ere m is an integer and 
1/Ii - C exp (-aYi) (i = 1,2,n) (12) 
It immediately follows 
(13) 
and 
(14) 
The sign in Eq. (14) can be easily determined by looking at the direction in which 1/1 moves when 
Y increases: If 1/1 moves to the left (right), the sign is positive (negative). From Eq. (13) and 
(14) one can immediately determine the attenuation a2 and slowness S2 = l/v2 of the material, 
since the corresponding quantities for water are well known. 
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Fig. 2 Typical experimental cross-correlation curve. 
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Fig. 3 Graphical representation of the data analysis. 
1.20 
We wish to analyze now the effect of refraction (Fig. 4). One side of the wedge is normal 
to the incoming wave and, therefore, does not cause refraction. The other side causes a deviation 
9 - 9 R from the original propagation direction. 9 is the wedge angle, assumed to be small, and 
9 R ::;;; 9 is the correspondent refraction angle 9 - 9 R. As a consequence, the receiving transducer 
must be rotated through an angle. The acoustic path increases by a distance 
Il. = ([ - lo-Y) [l/cos (9 - 9R)-1l 
= 1/2 ([ - 10 - y) (9 - 9R )2 
(15) 
As a result, one obtains frequency independent corrections to both the attenuation a2 and the 
slowness S2 
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ll.a2 = al (9 - 9R)2/2 
Il.s2 = SI (9 - 9R )2/2 (16) 
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Fig. 4 Arrangement of specimen and transducers 
(refraction effects included). 
which can be easily evaluated if the refraction index of the material is known or by simply 
measuring 9 R • 
Finally, we discuss briefly the effect of multiple reflections. Unless T12 = T21 = 1, there 
will be multiple reflections of the wave at both sides of the wedge and at T and R. A number of 
waves are thus generated, which add up to the basic signal SR' given by Eq. (2). Assuming 
9 « 1 and considering only multiple reflections within the material wedge, we note that if the 
wave is reflected n times each side of the wedge, its acoustic path within the wedge is (2n + 1)y. 
Its amplitude is multiplied by a factor R 2n, where R is the reflection coefficient of the material, 
assumed to be the same at the two surfaces of the wedge. As a result, we obtain waves with 
cross correlation factors still given by Eq. (8) but with different values of the parameters. The 
interference of aII these waves creates a slight modulation pattern, which needs to be explicitly 
taken into account for a better fitting of the experimental curves. 
Usually, the factor R 2n and the attenuation in the return trips reduce the amplitude of the 
waves so much that only doubly reflected waves' (n = 1) need to be considered. Since the 
attenuation increases with the frequency, the modulation due to multiple reflection becomes 
negligible at higher frequencies. 
EXPERIMENTAL SET-UP 
Before starting with the acquisition of the experimental data, the orientation of the sample 
is adjusted such that the incident beam parallel to the Z -axis scans the horizontal surface (XY) of 
the wedge. The transmitting and receiving transducers are on the same bridge and scan together 
in the X -direction and index in Z -direction. The Z -position of R, Y -position of T and their 
polar as well as azimuthal positions can be adjusted independently. The positions of T and Rare 
adjusted using pulse-echo as well as pitch-catch techniques, using a pulse-receiver. The ultrasonic 
beam is incident normal to the X - Y plane. The position and orientation of the transducer R are 
adjusted so that the received signal is maximum. 
Once the orientations of specimen and transducers are fixed, the experimental set-up is 
switched to, as shown in Fig. 5. Continuous waves of suitable frequency are divided into two 
parts by a splitter. One portion of these waves is amplified and excites a broad-band immersion 
transducer (T). The other portion is fed into a phase-sensitive detector (mixer). The de output 
of the mixer (proportional to the phase difference between input and output signals) is filtered, 
digitized and transmitted to a V AX computer, under the control of a Tektronix desk top com-
puter. The filtered signal can also be recorded on a X - Y recorder as a function of the propaga-
tion path y = x tan 9 in the material wedge. 
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Fig. 5 Experimental set-up. 
RESUL TS AND DISCUSSIONS 
METROTEK 
XYZ SCANNER 
We have already seen in Fig. 2 a plot of the acoustic amplitude as a function of the propaga-
tion path in the specimen at a frequency of 11 MHz. Two more examples are shown in Fig. 6 
and 7 (at 9 and 19 MHz, respectively). From Figures 2, 6 and 7 it c1ear that the wave is 
exponentially decaying, as predicted by Eq. (8), the damping being caused by the interaction of 
the ultrasound with the molecules of the material. Figure 6 also shows a slight modulation, due 
to multiple reflections, as discussed earlier. At higher frequencies (11 and 19 MHz), we see that 
the modulation becomes negligible. It is also c1ear that the attenuation atot increases with the fre-
quency, as expected. 
Similar results, obtained at other frequencies, have allowed us to determine through Eqs. 
(13) and (14), the frequency dependence of the phase velocity v and attenuation coefficient atot. 
The corresponding plots (Figs. 8 and 9) show that the material investigated (epoxy) has no 
dispersion in the frequency range considered (9 to 20 MHz) and a linear dependence of the 
attenuation on the frequency. The phase velocity and the attenuation coefficient were found to 
be 
V2 (km/s) = 2.165 ±0.005 
a2(dB/cm) = (4. ± 1.) + (2.25 ± 0.05) f (MHz) 
(17) 
(18) 
If there are any defects present in the material (either due to density change, cracks or 
inclusions or velocity changes due to material inhomogeneities oi stress), the acoustic wave loses 
its intensity not only by absorption, but also by scattering. Consequently, the total attenuation 
will increase as the propagating ultrasound interacts with those regions. Figure 10 shows an 
example of such a case. It refers to a specimen with a cylindrical hole of diameter 100 mii, nor-
mal to the direction of propagation of the wave. As the specimen is scanned, one can obtain 
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Fig. 10 Cross-corre1ation curve for a specimen with a defect. 
values of the attenuation due to absorption and phase velocity from the initial (or fina!) part of 
the curve. The strong deviation of the envelope from exponential at y == 0.4 cm, indicates the 
presence of the flaw in that region. With this technique, one can not only detect the presence of 
flaws, but also characterize them quantitatively. In fact, if one subtracts the attenuation due to 
absorption from the total attenuation, one obtains the attenuation due to scattering which can be 
interpreted as the signature of the flaw. 
CONSLUSION 
We have presented an ultrasonic technique, which allows the simultaneous determination of 
phase velocity, attenuation and flaws in a material. The technique is based on the cross-
correlation between an input CW of given frequency and the corresponding signal transmitted 
through a wedge specimen of the material. The theory predicts that, for an unflawed homogene-
ous specimen, the acoustic amplitude vs. propagation path is a sinusoidal curve, with exponen-
tially decaying amplitude. From the experimentally obtained curve one can easily obtain, by fit-
ting the parameters of the theoretical curve, both phase velocity and the attenuation coefficient. 
If flaws are present, they manifest themselves as deviations from the theoretical1y predicted 
exponential curve. By subtracting the experimental from the theoretical curve, one obtains the 
"signature of the flaw", which can be used for a quantitative characterization. 
Corrections due to refraction and multiple reflections do not substantial1y alter the results of 
our analysis. They can produce, however, a modulation of the envelope of the cross-correlation 
curve, which can be easily taken into account through a least-square analysis of the experimental 
data. 
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